Kaposi's sarcoma-associated herpesvirus (KSHV), also called human herpesvirus 8 (HHV-8), is the likely etiological agent of Kaposi's sarcoma and primary effusion lymphoma. Common to these malignancies is that tumor cells are latently infected with KSHV. Viral gene expression is limited to a few genes, one of which is the latency-associated nuclear antigen (LANA), the product of ORF73. Examination of the primary sequence of LANA reveals some structural features reminiscent of transcription factors, leading us to hypothesize that LANA may regulate viral and cellular transcription during latency. In reporter gene-based transient transfection assays, we found that LANA can have either positive or negative effects on gene expression. While expression of a reporter gene from several synthetic promoters was increased in the presence of LANA, expression from the human immunodeficiency virus (HIV) long terminal repeat (LTR)-and from NF-Bdependent reporter genes-was reduced by LANA expression. In addition, the promoter of KSHV ORF73 itself is activated up to 5.5-fold by LANA. This autoregulation may be important in tumorigenesis, because two other genes (v-cyclin and v-FLIP) with likely roles in cell growth and survival are also controlled by this element. To identify cellular genes influenced by LANA, we employed cDNA array-based expression profiling. Six known genes (and nine expressed sequence tags) were found to be upregulated in LANA-expressing cell lines. One of these, Staf-50, is known to inhibit expression from the HIV LTR; most of the other known genes are interferon inducible, although the interferon genes themselves were not induced by LANA. These data demonstrate that LANA expression has effects on cellular and viral gene expression. We suggest that, whether direct or indirect in origin, these effects may play important roles in the pathobiology of KSHV infection.
Kaposi's sarcoma (KS)-associated herpesvirus (KSHV), also called human herpesvirus , is associated with KS and with two lymphoproliferative diseases: primary effusion lymphomas (PEL) and multicentric Castleman's disease (18) . Common to these neoplasms is the fact that the majority of tumor cells are latently infected (5, 46) . Viral gene expression in this stage is restricted to a small number of genes, one of which is the latency-associated nuclear antigen (LANA). This antigen was first identified by reactivity with sera from KS patients in immunofluorescence assays (IFA) on latently infected PEL cell lines (19, 25) . Using Northern blot analysis and expression cloning, it was subsequently shown that LANA is encoded by ORF73 of KSHV (24, 26, 36) . ORF73 encodes a protein of about 1,162 amino acids (aa) and is expressed from a singly spliced mRNA of 5.7 kb which also bears ORF72 and ORF71 coding sequences. In situ hybridization revealed that nearly all cells in the KS lesion express ORF73 mRNA (12) , and the expression of LANA protein has been demonstrated by immunohistochemistry in all malignancies associated with KSHV (13) .
The identification of ORF73 as LANA opened the door for studies addressing the function of this protein during latency. Its nuclear localization and restriction to latency suggested that LANA was a formal analog of the Epstein-Barr virus (EBV) nuclear antigens (EBNAs). EBNAs play an important role in the pathogenesis of EBV, contributing directly to plasmid maintenance, as well as to host cell transformation (for reviews see references 28 and 35) . However, comparison of the predicted primary structure of ORF73 did not reveal any amino acid homology to EBV, genes. Examination of the predicted amino acid sequence of LANA reveals several interesting features. ORF73 encodes a polypeptide with a predicted molecular mass of about 132 kDa. Sequence inspection suggests that the protein can be divided into three distinct domains (Fig. 1) . The N-terminal 340 aa are extremely proline rich and contain several PXXP motifs, which are potential binding sites for SH3 domain-containing proteins (1) . The central region contains three different highly repetitive blocks of acidic residues; similar domains often function in transcriptional activation in viral and cellular transcription factors (33, 42) . The C-terminal domain contains a putative nuclear localization site, and partially overlapping with the central domain is a leucine zipper repeat motif, raising the possibility of homo-and hetero-oligomerization. Both the N-and C-terminal domains contain several potential phosphorylation sites.
Many of these features are also found in proteins involved in regulation of gene expression and recall similar features of EBNA-1 and EBNA-2. EBNA-1 is the oriP binding protein required for plasmid maintenance during the latency of EBV. EBNA-1 also transactivates viral promoters while bound to oriP during latency (17, 34, 43) . EBNA-2 is a transcriptional transactivator which regulates viral transcription during latency by up-regulating the oncogenic latency-associated membrane proteins (LMP1, LMP2A, and LMP2B). In addition, EBNA-2 regulates a variety of cellular target genes within latently infected cells. Most prominent is the strong activation of CD23; other EBNA-2 target genes have important roles in adhesion (ICAM-1) and the control of apoptosis (Bcl-2), to mention two examples. While EBNA-1 binds specific target sites on DNA, EBNA-2 activates promoters primarily through interaction with other transcription factors. In addition to EBNA-1 and EBNA-2, the EBNA-3 gene encodes three different proteins (two of which are important for transformation) generated by alternative splicing. EBV thus encodes an entire family of latency-associated nuclear proteins (for a review see reference 28 and references therein).
So far, LANA is the only latency-associated nuclear antigen identified for KSHV. We speculated that in view of its large size and modular architecture, LANA might have subsumed in one polypeptide many of the functions which in EBV are distributed among the several EBNAs. Indeed, it was recently shown that, like EBNA-1, LANA plays a role in plasmid maintenance (4, 8) . Specifically, we hypothesized that (by analogy to EBNA-1 and EBNA-2) LANA may function as a transcriptional regulator and thereby modify viral and cellular gene expression during latency. Here we show, by using transient transfection assays in combination with cDNA array-based expression profiling, that LANA can both positively and negatively regulate viral and cellular gene expression, and we identify several targets of this regulation.
MATERIALS AND METHODS
Cell lines. COS-7 and 293 cells were obtained from the American Type Culture Collection. Cell monolayers were maintained in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum, penicillin, and streptomycin at 37°C under a 5% CO 2 atmosphere. BJAB cells (kindly provided by Elliot Kieff, Harvard University) were cultured in RPMI 1640 supplemented with 10% fetal bovine serum, 0.05 mM 2-mercaptoethanol, 1 mM sodium bicarbonate, 2 mM L-glutamine, penicillin, and streptomycin at 37°C under a 5% CO 2 atmosphere.
Plasmids. KSHV DNA was derived from a KSHV library derived from a KS lesion (47) unless otherwise indicated. The effector plasmid pcDNA3/73, which we had generated during our initial studies on the identification of LANA (25) , contains viral sequences from nucleotide (nt) 127394 to nt 123663 (all nucleotide numbering refers to GenBank sequence no. U75698 [41] ). The ORF73 fragment was cloned from a clone as a KpnI/NheI fragment into the KpnI/XbaI sites of the pcDNA3 polylinker (Invitrogen). PCEP4/73 was generated similarly by cloning this fragment into the KpnI/NheI sites of the pCEP4 (Invitrogen) polylinker. In IFA, COS-7 and 293 cells transfected with pcDNA3/73 produce the characteristic nuclear punctate pattern. By Western blot analysis we detected a doublet running at about 200 and 220 kDa, which is identical to the pattern observed in BCBL-1 cells (25) . The unusually slow mobility of this protein (computed molecular mass, 132 kDa) was also observed by other investigators and is believed to be, in part, due to its central acidic region and possible posttranslational modifications (24, 36; A. Polson and D. Ganem, unpublished data). The synthetic promoter vectors were a gift from J. Alwine, University of Pennsylvania (29) . The human immunodeficiency virus (HIV) long terminal repeat (LTR) reporter construct (pC15CAT) was obtained from the National Institutes of Health (NIH) AIDS Research and Reference Program. The HIV LTR luciferase reporter was generated by ligating a HindIII fragment from pC15CAT into pGL3/ Basic (Promega). PDD83 contains the LANA promoter harboring KSHV sequences from nt 128159 to nt 127607 cloned into pGL3/Basic (Promega) as previously described (12) . The NF-B luciferase reporters contained dimerized NF-B consensus sites from the major histocompatibility complex class I (MHC-I) promoter and the HIV promoter upstream of a simian virus 40 (SV40) promoter without enhancer.
Transient transfection assays. COS-7 and 293 cells were plated at 4 ϫ 10 5 cells per well in 6-well plates 8 to 12 h prior to transfection. DNA for reporter and effector plasmids was transfected using Fugene (Gibco-BRL) according to the manufacturer's instructions. To monitor transfection efficiency, we transfected pcDNA3/lacZ into parallel wells and stained fixed cells for ␤-galactosidase activity. Transfection efficiencies were generally between 25 and 35%.
We did not use internal standards in each transfection for normalization because the presence of LANA influenced a wide range of reporters in these experiments. An SV40 promoter as well as a cytomegalovirus (CMV) promoter driving ␤-galactosidase was activated by LANA at low concentrations but was inhibited at higher concentrations. Additionally, we tested pGK␤-gal (a gift from J. Jung, Harvard University), driving ␤-galactosidase expression from a phosphoglucokinase promoter, a housekeeping gene, as an internal standard. This reporter was consistently down-regulated between two-and fivefold by the presence of different concentrations of LANA expression plasmid-even in experiments where the LANA promoter (pDD83) was up-regulated by the same construct (see Fig. 3 ). We therefore performed Bradford assays on all lysates and normalized all relative light unit (RLU) values to the protein concentrations as previously reported for other proteins which have the ability to affect a wide range of different reporters in transient transfection assays (40a) .
For chloramphenicol acetyltransferase (CAT) assays, cells were harvested 48 h after transfection and CAT activity was determined as previously described (39) . Briefly, cells were washed with phosphate-buffered saline (PBS) and scraped into PBS. After centrifugation cells were resuspended in 100 l of 0.25 M Tris-HCl and lysed by three freeze-thaw cycles. Debris was spun down, and cell extracts (30 l) were assayed for CAT activity in a reaction mixture containing 14 Clabeled chloramphenicol and n-butyryl coenzyme A (CoA) in 0.25 M Tris-HCl. Acetylated chloramphenicol was collected by organic extraction using hexenexylene (2:1) and transferred into scintillation fluid; then counts per minute were measured in a Beckman scintillation counter. Luciferase assays were performed as recommended by the manufacturer's manual. Briefly, 48 h after transfection, cells were washed with PBS and lysed using 200 l of lysis buffer (Promega). After centrifugation of cell debris, 10 l of cell extracts was used to determine relative light units in a Monolight 2010 luminometer. Protein content in lysates was measured by Bradford assays as recommended by the supplier (Bio-rad), and all relative light unit values were normalized to protein concentrations.
Expression profiling. One microgram of mRNA was used for synthesis of the fluorescently labeled cDNA probes for hybridization to the microarrays using the protocol described previously (11) . cDNA probes from BJAB/ORF73 and BJAB/ pCEP4 cells were synthesized in the presence of Cy3 and Cy5 fluorescently labeled deoxynucleoside triphosphates (dNTPs). Ten micrograms of yeast tRNA, 10 g of polydeoxyadenylic acid, and 20 g of human CoT1 DNA (Gibco-BRL) were added to the mixture of labeled probes in a solution containing 3ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 0.3% sodium dodecyl sulfate (SDS) and allowed to prehybridize at room temperature for 30 min before the probe was added to the surface of the microarray. Hybridizations, washes, and fluorescent scans were performed as described previously (11, 14) . All measurements were stored in a computer database for analysis and interpretation. 
Northern blot analysis and reverse transcription-PCR (RT-PCR).
Northern blotting and hybridization have been described previously (16) . Total cellular RNA was isolated with RNAzol (Tel-Test Inc., Friendswood, Tex.) and poly(A) enriched using Oligotex beads (Oiagen) as recommended by the supplier. RNA was quantified, electrophoretically separated on denaturing agarose gels, blotted to Hybond membranes (Amersham), hybridized to specific probes overnight at 65°C in Church buffer (5) RT-PCR assays. One microgram of total RNA was reverse transcribed by using 200 U of Moloney murine leukemia virus reverse transcriptase (Gibco BRL) in a total volume of 20 l containing 125 M dATP, dGTP, and dTTP, 20 U of RNasin (Promega), and 120 pmol of random hexanucleotide primers (Boehringer Mannheim). After incubation at 42°C for 60 min, the reaction was stopped by heating to 95°C for 5 min. Five microliters of this cDNA pool was amplified in 50 l of a PCR mix containing 10ϫ PCR buffer and 100 pmol of each primer, and 5 U of Taq polymerase (Perkin-Elmer) was added. Each reaction mixture was overlaid with 50 l of mineral oil prior to amplification for 30 cycles (30 s at 94°C, 1 min at 58°C, and 1 min 30 s at 72°C). To perform semiquantitative RT-PCR, we serially diluted (in threefold steps) cDNA pools generated from BJAB/pCEP4 and BJAB/LANA cells and performed PCR amplification for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and STAT1 as described above. Amplification products were electrophoresed in 1.5% agarose gels. Primers for STAT1 amplification were STAT1/F (CGGTTGAACCCTAC ACGAAG) and STAT1/R (CAAGTTCCATTGGCTCTGGT), and primers for the amplification of GAPDH were GAPDH/F (CGACCACTTTGTCAAGCT CA) and GAPDH/R (AGGGGAGATTCAGTGTGGTG).
IFA. Cells were washed twice in PBS and resuspended at a density of 5 ϫ 10 6 cells/ml in PBS. Ten microliters of the cells was added to Teflon-coated 32-well IFA slides, and cells were allowed to settle for 30 min. After careful aspiration, slides were transferred into precooled methanol-acetone (1:1) for 10 min. Slides were dried and rehydrated with PBS containing 3% BSA. For blocking, cells were incubated with PBS containing 3% BSA and 1% glycine for 30 min. To detect LANA, we used a polyclonal rabbit antibody raised against a synthetic peptide from the acidic domain of LANA which is highly specific (Polson and Ganem, unpublished). The primary antibody was diluted 1:400 in blocking buffer, and cells were incubated for 1 h, followed by two washes with PBS-4% Tween 20 for 30 min. The secondary antibody was a fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit whole antibody used at a dilution of 1:300. Incubation was carried out for 1 h, followed by washing as described above. Slides were mounted and microscopy was performed using a Zeiss IFA microscope.
RESULTS
LANA can function as a transcriptional modulator. To test our hypothesis we first performed transient transfection assays using a LANA expression vector and asked whether LANA augments transcription from a set of reporter plasmids.
The effector plasmid pcDNA3/73 contains viral sequences from nt 127394 to nt 123663 (all nucleotide numbering refers to sequence U75698 [40] ) and was previously shown to express LANA (24) . As reporter plasmids we used a series of synthetic promoter constructs each containing a single transcription factor binding site linked in cis to the minimal TATA box from the SV40 early promoter; these promoters drive expression of the CAT reporter gene. COS-7 cells were transiently transfected by lipofection with 1 g of reporter plasmid and 2 g of either pcDNA3/73 or empty vector (pcDNA3). After incubation for 48 h, cell extracts were prepared and analyzed for the amount of CAT activity as previously described (39) . As shown in Fig. 2A , the presence of LANA transactivates most of the constructs between two-and sixfold. A construct containing only the basic TATA box was significantly activated by the presence of LANA ( Fig. 2A) , suggesting that, directly or indirectly, LANA can affect the basal transcription machinery. Constructs bearing additional upstream activating sequences (UAS) were similarly up-regulated, although we cannot determine if this effect is due to the action of LANA at the TATA element or the UAS. Using a second set of reporter constructs containing identical transcription factor binding sites tethered to a different TATA box (HSP70 versus SV40 early), we also found a similar pattern of transactivation in these assays, including an activation of the HSP70 TATA element alone up to sevenfold (data not shown). These results demonstrate that LANA can function, directly or indirectly, to regulate transcription.
In addition to these artificial promoter constructs, we tested two more complex viral promoters: the adenovirus E2 promoter and the HIV LTR. The adenovirus E2 promoter construct was not up-regulated by ORF73 ( Fig. 2A) , indicating that not all promoters are subject to LANA-mediated regulation. Surprisingly, however, basal transcription from the HIV LTR was dramatically repressed (30-fold) by the presence of LANA ( Fig. 2A) . To confirm this observation, we tested the HIV LTR in a reporter driving the luciferase gene and cotransfected a constant amount of the HIV reporter construct together with increasing amounts of the LANA expression construct pcDNA3/73. As little as 0.5 g of LANA expression vector led to a fivefold inhibition compared to transfection with the control vector. Increasing the amount of the LANA expression construct pcDNA3/73 progressively increased the inhibition of this promoter up to 21-fold (Fig. 2B) . Taken together, these data demonstrate that LANA can augment transcription from some promoters while it can function to antagonize gene expression from others.
The HIV LTR promoter is controlled by a complex enhancer containing several transcription factor binding sites (41) . In activated T cells, the basal level of HIV transcription is mainly regulated by a tandem element which contains two NF-B binding sites. The inhibitory effect of alpha interferon (IFN-␣) on HIV transcription is also thought to be mediated through these NF-B sites (32) . We therefore asked whether the inhibitory effect of LANA on the basal activity of the HIV LTR might also be NF-B mediated, at least in part. Accordingly, we measured gene expression from an NF-B reporter in the presence and absence of LANA. In addition to the NF-B consensus sequence found in the HIV LTR, we also tested a construct containing an NF-B site from the MHC-I promoter. Transcription from both luciferase reporter constructs was inhibited 7.9-and 6-fold by the presence of LANA; in contrast, a reporter containing a basic SV40 promoter was inhibited only 2.4-fold under these conditions (Fig. 2C) . The magnitude of this reduction is less than that observed for the intact HIV LTR, suggesting that other factors may also play a role in the down-regulation of the latter; evidence consistent with this inference will be presented below.
We have previously identified and mapped the KSHV ORF73 promoter, which drives the expression of v-cyclin (ORF72) and v-FLIP (ORF71) in addition to LANA (12) . As we have reported earlier, the LANA promoter is active in 293 cells, which are semipermissive for KSHV infection (15, 37) . To investigate whether LANA can regulate its own synthesis, we cotransfected a luciferase reporter construct driven by the LANA promoter with increasing amounts of pcDNA3/73 into 293 cells. Expression of LANA transactivates this promoter consistently up to 5.5-fold in a dose-dependent manner (high lev- (Fig. 3) . Since the ORF73 promoter also governs the expression of v-cyclin and v-FLIP, these important gene products are presumably also subject to regulation by LANA (30) . These results thus identify the first KSHV genes whose expression is in part regulated by LANA. LANA activates cellular genes. Since LANA is highly expressed in the tumor cells of KS and Castleman's disease (12, 13), we asked whether the expression of host genes could be altered by the presence of LANA. To probe for putative cellular target genes, we performed expression profiling experiments utilizing cDNA microarrays, which allow analysis of differences in expression of several thousand cellular genes in a single experiment (6) . To detect expression differences in two different tissues or cell lines, mRNA from both samples is reverse transcribed into cDNA in the presence of two different fluorescent dyes. Equal amounts of both probes are mixed and hybridized to the cDNA array. After washing, the hybridized array is scanned for fluorescence intensities in each spot by using a confocal laser array scanner. Because KSHV establishes latency in CD19-positive B cells in infected individuals, we decided to use a chip containing approximately 6,000 genes and/or expressed sequence tags (ESTs) which had previously been shown to be expressed in lymphoid cell lines or tissues (2) .
To identify candidate cellular target genes for LANA, we generated a LANA-expressing B-cell line using BJAB cells. BJAB is an EBV-negative Burkitt's lymphoma cell line. We constructed a LANA expression vector using the pCEP4 vector (Invitrogen), which bears the oriP sequence and the entire EBNA-1 open reading frame (ORF), allowing for stable plasmid maintenance without integration into the host genomeexactly analogous to the state of the KSHV genome in latency (38) . We are aware that EBNA-1 does have transcription factor activity and that therefore our approach could potentially miss target genes which are equally responsive to both proteins. We transfected pCEP4/73 or the control pCEP4 vector into BJAB cells and selected with hygromycin B for 4 weeks. After selection, total RNA was extracted and analyzed on a Northern blot using an ORF73-specific probe. As expected, in cells transfected with pCEP4/73 (BJAB/LANA), a discrete band of about 4 kb is detectable (Fig. 4A, lane 1 After poly(A) selection, equal amounts of mRNA from BJAB/LANA and BJAB/pCEP4 cells were used to produce cDNA probes by reverse transcription in the presence of Cy3 or Cy5 fluorescent-tagged dNTPs. Both probes were then hybridized to the array described above and analyzed by confocal laser scanning measuring the fluorescence intensity for each spot. The results can also be visualized by representing Cy3 fluorescence as green and Cy5 fluorescence as red. Merging both images gives an estimate of the relative abundance of transcripts from each gene in both samples. Genes whose transcripts are more abundant in the sample labeled "red" are represented by red spots in the array, genes whose transcripts are more abundant in the sample labeled "green" are represented by green spots, and genes whose expression is identical in the two samples are recognized by yellow spots. Figure 5 shows two different regions, containing approximately 2,200 spots of the merged and colored fluorescence image of the array after hybridization. The signal from mRNA extracted from LANA-expressing cells is shown in red. As a positive control, a PCR-amplified DNA fragment representing ORF73, encoding LANA, was imprinted on the array. As expected, this ORF73 spot, which is present only in cDNA from BJAB/LANA cells but not in control cells transfected with pCEP4, is bright red (Fig. 5C ). Fluorescence measurements were statistically analyzed by a software program, which after several corrections and normalizations calculates a fold induction or inhibition for each gene on the array. Using this technique, every reading above twofold is scored as significant, as previously described (14, 23) . It should be noted that a twofold induction or repression by this technique may not correspond quantitatively to the same induction ratio determined by Northern blot analysis. The dynamic range of the expression ratios measured by this technique is often somewhat compressed compared to that obtained by Northern analysis (14, 22) . This is reflected by the computed induction ratio of 17 for ORF73, an RNA which is absent in one of the two samples and for which the "true" induction ratio is therefore infinite.
Using these criteria, we found 15 mRNAs (6 known human genes and 9 ESTs) induced between 2-and 3.3-fold in LANAexpressing B cells (Table 1 ). Five of the six known human genes were known to be IFN-stimulated genes (ISGs). Signals of three of these genes are indicated in Fig. 5B . However, none of the IFN genes themselves were induced in LANA-expressing cells (Table 1) .
While the cellular functions of the IFI 9-27 and IFI 6-16 proteins are not very well characterized, MxA, STAT1, and, to a lesser extent, Staf-50 have been extensively studied. MxA is a GTP-binding IFN-inducible protein with antiviral activity against influenza virus and a variety of other RNA viruses through inhibition of the viral RNA-dependent RNA polymerases (21) . STAT1 (signal tranducers and activators of transcription) encodes a ␤-subunit of ISGF-3 (ISG factor 3), a transcription factor which upon phosphorylation in the cytoplasm gets translocated into the nucleus, where it can bind upstream of ISGs and activate or repress gene expression (for a review see reference 9).
A second gene involved in transcriptional control is Staf-50 (stimulated trans-acting factor of 50 kDa). Staf-50 belongs to the Ring finger family, many members of which are cellular and viral zinc finger motif-containing DNA binding proteins involved in gene regulation, DNA recombination, and DNA repair. Surprisingly, Staf-50 was shown to be a potent inhibitor of expression from the HIV LTR (45) . The result that Staf-50 was up-regulated in LANA-expressing cells suggested to us the possibility that the inhibitory effect of LANA on the HIV LTR might be indirect, and might be mediated in part by activation of a transcriptional repressor molecule (Staf-50). Importantly, other experiments (see Fig. 2C ) suggest that additional factors involved in LTR-promoted gene expression are also regulated by LANA, so that multiple mechanisms may contribute to this effect.
Also on our list of induced genes (Table 1) is Evi5. Human Evi5, originally described as a locus for increased frequency of murine retroviral integration events, is associated with human cancers, often in combination with chromosomal translocations. Evi5 is a homolog of the murine Tre-2 oncogene, which shows sequence homology to cell cycle regulators (27) . At this point we have not further characterized any of the nine induced ESTs.
Confirmation by Northern blot analysis. To confirm the observed up-regulated genes, we performed Northern blot analysis on RNA extracted from BJAB/LANA cells and from control cells (BJAB/pCEP4). MxA mRNA was detectable at extremely low levels in control cells but was clearly induced in BJAB/73 cells. IFI 6-16 and Staf-50 were detectable only in cells expressing LANA. However, the expression level of Staf-50 was close to the detection level of our Northern blot assays (Fig. 6A) . This low level of expression is in agreement with recently published data on the induction of Staf-50 by IFN in HT1080 cells (human fibrosarcoma) (10). We were not able to detect mRNA for STAT1, IFI 9-27, or the Evi5 gene by Northern blot analysis. However, we detected STAT1 mRNA expression in BJAB/LANA cells by RT-PCR assays. Total RNAs from LANA-expressing and control cells were reverse transcribed, and the resulting cDNAs were amplified with STAT1-specific primers. As shown in Fig. 6C , STAT1 mRNA expression is slightly higher in LANA-expressing cells (lanes 1  and 3) . To show that we indeed amplified RNA, we carried out control experiments with no reverse transcriptase, which did not lead to any amplification (Fig. 6C, lanes 2 and 4) . We also amplified GAPDH to control for equal RNA amounts in the reaction mixture (Fig. 6C) . To determine differences in STAT1 expression in a more quantitative analysis, we performed dilution PCR assays. cDNA pools from LANA-expressing and control cells were diluted in threefold steps and analyzed for the presence of STAT1 and GAPDH by PCR. A GAPDHspecific band is detectable throughout the entire dilution series in both BJAB/pCEP4 cells (Fig. 6 D, lanes 1 to 8) and BJAB/ LANA cells (lanes 9 to 16), demonstrating equal amounts of input RNA. In contrast, in BJAB/pCEP4 cells a STAT1-specific band can be detected only in the first three lanes, while in BJAB/LANA cells this signal can be detected up to lane 4, confirming the induction of this gene (Fig. 6D) .
Detection of Staf-50 mRNA in KS tumors. To validate that the up-regulation of Staf-50 in LANA-expressing cells in culture reflects events in vivo, we asked whether Staf-50 is expressed in primary dermal KS lesions. We analyzed mRNA extracted from KS lesions of two patients and, as a control, from a healthy skin necropsy specimen. A specific band for Staf-50 was detectable in both skin lesions but not in healthy skin (Fig. 6B) . These data suggest that Staf-50 is indeed upregulated in KS tissues.
DISCUSSION
By performing transient transcription assays, we have shown that LANA expression can up-regulate its own promoter as well as synthetic promoter constructs as much as sixfold (Fig.  2) . In contrast, the basal transcriptional activity of the HIV LTR was drastically repressed in the presence of LANA, in a dose-dependent fashion. At least two mechanisms can be invoked to explain the suppression of LTR-based transcription. First, LANA expression had a negative effect on NF-B-dependent transcription, which is known to be important for LTR function; second, LANA induces Staf-50, a known inhibitor of LTR-driven expression. We do not know which of these mechanisms predominates, nor can we exclude additional contributions from as yet unexplained mechanisms. However, these initial experiments clearly demonstrate that LANA can modulate transcription both positively and negatively.
It was recently shown that LANA can interact with both RING3 (a homolog of the Drosophila female sterile homeotic (fsh) gene product) and the tumor suppressor p53. Fsh belongs to a class of proteins implicated in chromatin structure and transcriptional regulation (31) . p53 is a known transcriptional activator, and binding of LANA to p53 impairs its transactivation activity (16) . Both of these interactions are consistent with a role for LANA in the regulation of gene expression. Recently, it was demonstrated that LANA is required for maintenance of the episomal viral DNA in dividing cells, presumably by tethering episomal KSHV DNA to mitotic chromosomes (4). In agreement with this finding, it was demonstrated that LANA binds in an in vitro assay to a putative oriP at the left side of the genome overlapping with the terminal repeats (8) . Taken together with our data, these findings indicate that LANA, like EBNA-1, has at least two activities: transcriptional regulation and episome maintenance.
In cells latently infected by EBV, EBNA-1 is also subject to autoregulation at the transcriptional level (3, 43) . Our observation that the ORF73 promoter can be up-regulated by LANA coexpression suggests the existence of LANA autoregulation in KSHV, although we do not know if this autoregulation is based on direct binding of LANA to DNA targets in its own promoter. It should be noted that the basal activity of the LANA promoter in 293 cells is very high; accordingly, autoregulation by LANA might be more dramatic in cells in which this promoter is less active. For example, it has been shown that the LANA promoter is much weaker in cells of endothelial origin-a major target for KSHV infection in KS pathogenesis (44) . Experiments to study the autoregulation of LANA in endothelial and lymphoid cell lines are currently in progress. However, our data provide the first identification of a LANAresponsive KSHV promoter. Moreover, this regulation by LANA is also expected to augment the expression of ORF72 (encoding a viral cyclin D homolog) and ORF71 (which encodes a putative FLICE-inhibitory protein, v-FLIP). Since both of these genes have potential roles in the deregulation of cellular growth and survival, this regulation may play an important role in driving proliferation in KSHV-linked disorders (12, 30) .
To identify putative cellular target genes whose expression is altered by the presence of LANA, we first generated cells constitutively expressing LANA and then analyzed these cells by expression profiling using cDNA microarrays. This technique can be used not only to study very complex changes in gene expression patterns but also for the identification of genes which are changed in response to more subtle differences. For example, 570 of 8,600 genes changed their expression in human fibroblasts after treatment with serum (23) . In contrast, using this technology, only a few genes have been identified as major targets for BRCA1, a gene often mutated in breast cancer, which was long thought to function as a transcription factor due to its primary structure (22) . Gene expression profiling has also been used to study viral gene expression patterns following infection by large DNA viruses such as human CMV (7). Our approach was to use microarray technology to examine the effect of a single KSHV gene product on cellular gene expression. Using this technique, we identified 15 genes or ESTs that are expressed at significantly higher levels in the presence of LANA (Fig. 5 and Table 1 ). Interestingly, five of these genes are known to be IFN-responsive genes, with two of them being transcriptional regulators (Staf-50 and STAT1). The up-regulation of STAT1 may play a role in the up-regulation of other IFN-inducible genes. We do not yet know the biological role of the induction of these genes. Conceivably, they may play a role in the suppression of lytic induction and the maintenance of viral latency, but many other models are possible.
The mechanism by which LANA modulates gene expression from its targets remains a subject for further investigation. In our microarray experiments we chose to express LANA constitutively in stable cell lines, so as to mimic the situation that obtains in latent infection in vivo. While the up-regulation we observed in this system could be due to the direct action of LANA on its targets, it is equally possible that these genes are induced by other regulatory molecules that are themselves controlled by LANA. The binding of p53 by LANA (16) would be one example of such a mechanism; our experiments similarly show that LANA expression can affect NF-B-dependent transcription (Fig 2C) and can up-regulate known transcription factors STAT1 and Staf-50. We are currently developing cell lines in which LANA expression is inducible in order to examine gene regulation by LANA more directly. But whether activation of these targets is direct or indirect, the target genes identified herein are likely to be in latently infected cells-an inference we have directly confirmed for Staf-50 in KS tumors. A better understanding of the mechanisms by which LANA modifies cellular and viral gene expression is likely to be important for deciphering the role(s) of this protein in the pathobiology of KSHV infection.
